Infection with hepatitis C virus (HCV) is a major cause of chronic liver disease. High HCV RNA levels have been associated with poor treatment response. This study aimed to examine the natural history of HCV RNA in chronically HCV/HIV-coinfected individuals.
Introduction
Of the 35 million people currently living with HIV worldwide, approximately 20% have chronic hepatitis C virus (HCV) infection [1] [2] [3] . Coinfection with HCV is one of the most clinically important comorbidities in the HIVinfected population [1] [2] [3] . In recent years, mortality rates attributable to HIV infection have decreased as a result of antiretroviral therapy [4] [5] [6] . As a result, end-stage liver disease has assumed increasing importance as a cause of death among the coinfected population [4] [5] [6] . This is especially true for injecting drug users (IDUs), in whom HCV coinfection is common as a result of shared transmission routes [2, 4] .
Anti-HCV antibody (HCVAb) positivity has been associated with a higher rate of any-cause death and liver-related death [6] [7] [8] [9] [10] , while plasma HCV RNA, along with HCV genotype and the interleukin (IL)-28B gene variant, has been shown to be one of the most important predictors of sustained virological response (SVR) to pegylated Interferon (peg-IFN) and ribavirin (RBV) in coinfected individuals [1, 4, [11] [12] [13] . Furthermore, it has been reported that an HCV RNA measurement taken early after HIV seroconversion can predict progression to AIDS and death in individuals with high HCV viral loads [14] . Although HCV RNA has been reported to stay relatively stable over time in monoinfected individuals [4, 15, 16] , the course of HCV RNA in coinfected individuals is less well characterized [4, 17] .
The aim of this study was to examine the change over time in HCV RNA levels in HIV/HCV-coinfected individuals to investigate which factors affect baseline levels and the rate of change over time in HCV RNA.
Methods

Study participants
The EuroSIDA study is a prospective, observational cohort study of 16594 HIV-positive individuals in 105 centres across Europe, Israel and Argentina. The study has been described in detail previously [18] . In brief, HIV-positive individuals were enrolled into eight cohorts from May 1994 onwards and the median follow-up period of individuals in the cohort is currently to April 2011. Information is collected on a standardized data collection form (available at www.cphiv.dk) every 6 months, including all CD4 T-cell counts and viral loads measured since the last follow-up visit and starting and stopping dates of all antiretroviral (ARV) drugs. The dates of diagnosis of all AIDS-defining illnesses, non-AIDS-defining malignancies and other serious infections are also recorded.
Information on HCVAb status has been collected since 1997; persons who died or were lost to follow-up before this date did not routinely have information on HCVAb status collected. Centres that have determined HCV genotype or measured HCV RNA are requested to provide that information to the coordinating centre. The EuroSIDA plasma repository was set up in 1997 and aims to collect plasma samples from individuals at 6-monthly intervals. Individuals with unknown HCVAb status and a stored plasma sample were identified in 2006 and HCVAb status was determined. Individuals who tested positive for HCVAb were then tested for plasma HCV RNA and genotype in a reference laboratory. In addition, individuals with known HCVAb status but unknown HCV genotype were identified and those with stored samples were also tested for plasma HCV RNA and genotype.
Plasma HCV RNA was investigated and quantified in HCVAb-positive samples by means of the Versant HCV-RNA assay (version 3.0; Bayer Diagnostics, Levekusen, Germany), which uses a signal amplification procedure with a linear dynamic range of 615 to 1 ¥ 10 7 IU/ml. Coordinating centres that provide plasma HCV RNA have not previously been required to stipulate which assay was used in determining the HCV RNA level, only to provide the units that it is measured in. Coordinating centres submit HCV RNA data in both copies/ml and IU/ml, but for the purposes of this study we include only data recorded in IU/ml.
HCV genotyping was performed using the LiPA HCV genotype assay (version 2.0; Innogenetics, Gent, Belguim). Information on the assays used to determine plasma HCV RNA and genotype has been previously provided [19] .
Statistical analysis
All HCVAb-positive individuals with positive quantitative HCV RNA measurements, considered chronically infected with HCV, were included in these analyses. HCV RNA measurements taken after individuals had started HCV treatment and those at the upper limit of detection in earlier assays with narrower detection ranges (41 measurements in 39 people) were not included. Baseline in the analysis was defined as the date of the first HCV RNA measurement for each individual. Individuals were followed until their last HCV RNA measurement while HCV treatment naïve. Follow-up was from May 1994 to April 2011; the median date of last HCV RNA measurement prior to treatment for HCV infection was May 2003.
Linear mixed models were used to assess which factors were associated with HCV RNA levels (in log 10 IU/ml). Such models allow investigation of whether HCV RNA levels vary at baseline and whether the rate of change over time varies for different factors. Factors considered were: time (from first measurement), age, sex, race, region of Europe, HIV risk/exposure group, HCV genotype, time since first HIVAb positive and the calendar year of the baseline HCV RNA measurement. Hepatitis B virus surface antigen (HBsAg) status, HIV viral load, CD4 cell count and cART status [a protease inhibitor (PI) regimen was defined as containing a PI and at least two other ARVs not including a nonnucleoside reverse transcriptase inhibitor (NNRTI), an NNRTI regimen was defined as containing an NNRTI and at Longitudinal changes in HCV RNA 371 least two other ARVs not including a PI, and a more inclusive definition of any cART was at least three ARVs from any class] were included as time updating variables. Time from baseline HCV RNA measurement and the intercept were modelled as random effects. An unstructured covariance structure was used throughout.
Multivariable logistic regression models were used to assess which factors were associated with increases and decreases in HCV RNA levels and which factors were associated with reaching a threshold of 800 000 IU/ml, which has been shown to be associated with a poor response to treatment for HCV infection [12] .
All analyses were performed using SAS version 9.2 (SAS Institute, Cary, NC).
Results
There were 14324 patients in EuroSIDA with HCVAb status reported, of whom 4664 were HCVAb positive. Of these, 2670 had HCV RNA data available and 2115 (79.2%) were chronically infected (HCV RNA positive); 1541 had their HCV RNA data recorded in IU/ml with data available on covariates of interest and were eligible for inclusion in this analysis. HCVAb-positive patients without HCV RNA data, who were excluded from this study, were older at the time of their HCVAb-positive test result [odds ratio (OR) 1.37 per 10 years; 95% confidence interval (CI) 1.20-1.56; P < 0.0001] and were more likely to reside in eastern central or eastern Europe [OR 3.31 (95% CI 2.29-4.79; P < 0.0001) and OR 8.05 (95% CI 5.45-11.88; P < 0.0001) compared with western Europe, respectively] than those with HCV RNA data, who were included in the study.
Baseline characteristics of the 1541 individuals included in the analysis are shown in Table 1 . They were predominantly White (91%), IDUs (73%), male (69%), and from southern (35%) and western central Europe (23%); 58% had HCV genotype 1 while 3, 26 and 14% had HCV genotypes 2, 3 and 4, respectively. Eighty one per cent were HBsAg 
years).
The least squares mean estimates of HCV RNA levels and percentage changes in HCV RNA over time from fitting the mixed model detailed above are shown in Table 2 . The 1541 individuals included in this model all contributed to estimates of HCV RNA levels within each stratum; the 575 individuals with at least two HCV RNA measurements contributed to the estimates for the change over time in HCV RNA. Among patients not on cART, HCV RNA levels increased by a mean 27.6% per year (95% CI 6.1-53.5%; P = 0.0098). Among patients taking any form of cART, HCV RNA levels remained stable, increasing by a mean 2.6% per year (95% CI -1.1 to 6.5%; P = 0.17) but not significantly so. HCV RNA levels also stayed stable among those taking PI-containing and NNRTI-containing regimens [increases of 3.4% per year (95% CI -0.2 to 7.2%; P = 0.068) and 2.0% per year (95% CI -5.2 to 9.7%; P = 0.59), respectively], with no significant change over time. Figure 1 shows the estimated HCV RNA trajectories for each cART category.
Baseline HCV RNA levels were lower for HCV genotypes 2 to 4 compared with HCV genotype 1 (per cent difference -25.5%; 95% CI -39.1 to -8.8%; P = 0.0044). There was also some evidence to suggest that baseline HCV RNA levels were lower among those in the haemophiliac HIV transmission group compared with the IDU transmission group (per cent difference -42.9%; 95% CI -68.5 to 3.6%; P = 0.065), although this did not reach statistical significance. There was borderline to weak statistical evidence to suggest that HIV RNA levels above the level of detection were associated with higher HCV RNA levels [per cent differences 28.0% (95% CI -1.4 to 66.3%; P = 0.064), 32.4% (95% CI -0.8 to 76.7%; P = 0.057) and 32.5% (95% CI -6.5 to 87.6%; P = 0.11) for HIV RNA 400-1000, 1000-10 000 and > 10 000 copies/ml, respectively, compared with < 400 copies/ml]. When HIV RNA was fitted as a continuous variable on the log10 scale, it became a significant predictor of HCV RNA, with HCV RNA increasing by 10.9% per log10 change in HIV RNA (95% CI 2.3 to 20.2%; P = 0.012). When age per 10 years and CD4 cell count on the log2 scale were fitted as continuous variables, the associations did not approach statistical significance (P = 0.31 and P = 0.81, respectively).
No interactions between covariates in the mixed model and time were statistically significant except for the cART by time interaction (P = 0.023), indicating that the rate of change in HCV RNA over time was only affected by cART in this population.
In a multivariable logistic regression model adjusting for age, HCV genotype, gender, ethnicity, region of Europe, HIV exposure group, HBsAg status, cART initiation status, HIV RNA and CD4 cell count, individuals with an increase in HCV RNA of more than the 90th percentile (a 10% increase per year) were more likely to have HCV genotype A number of sensitivity analyses were performed to further examine the increase in HCV RNA levels over time. Including only the 258 individuals with three or more HCV RNA measurements, the increase in HCV RNA over time among patients not on cART was 38.9% per year (95% CI 0.7 to 91.8%; P = 0.046), while for patients taking any cART HCV RNA was again stable through time, increasing by 1.2% per year (95% CI -4.7 to 7.4%; P = 0.70). Among patients on a PI regimen HCV RNA was stable, with an increase of 3.2% per year (95% CI -3.2 to 10.1%; P = 0.33), while for those on an NNRTI regimen it was also stable, with an increase of 0.2% per year (95% CI -33.2 to 56.3%; P = 0.92).
A further sensitivity analysis including those with three or more HCV RNA measurements, using only data collected from sites and not from stored samples to exclude the possibility that changes in HCV RNA could be explained by degradation over time of stored plasma samples, found that, among patients not on cART, HCV RNA increased by 20.9% per year (95% CI -16.9 to 75.9%; P = 0.32), although not significantly so as a consequence of the reduced power of this analysis, which included data from 169 patients. In those on any cART, HCV RNA levels again remained stable, with an estimated decrease of 3.1% per year (95% CI -11.1 to 5.6%; P = 0.47).
Discussion
This study examined the natural history of plasma HCV RNA in chronically HCV/HIV-coinfected individuals. The cART, combination antiretroviral therapy; CI, confidence interval; MSM, men who have sex with men; NNRTI, nonnucleoside reverse transcriptase inhibitor; PI, protease inhibitor. *Least squares mean estimates of HCV RNA levels in each stratum accounting for confounding. † P-value for comparisons of baseline HCV RNA levels within each stratum. ‡ P-value for increase through time of HCV RNA compared with null hypothesis of no increase in HCV RNA through time.
results show that, among patients not on cART, HCV RNA levels increased over time by 27.6% per year, compared with a nonsignificant 2.6% increase per year among patients treated with cART. Further, patients taking a PI-containing regimen had a nonsignificant 3.4% increase per year, while those taking an NNRTI-containing regimen had a nonsignificant 2.0% increase per year. This finding adds to the body of work on the topic, such as a study from the USA of coinfected IDUs [4] which found small increases in HCV RNA for coinfected individuals in the region of 2% per year and increases of 6% per year in monoinfected individuals; unfortunately, whether patients were treated with cART was not mentioned in this study but our results would suggest that they were. A study in a cohort of coinfected haemophiliacs [17] also showed 8-fold higher increases in HCV RNA among HIV-positive patients compared with HIV-negative patients. One study in a cohort of haemophiliacs in the UK [14] found evidence of an increase in HCV RNA in the first 4 years after HIV seroconversion, after which HCV RNA appeared to stabilize. One benefit of our study is the long duration of follow-up in the cohort; the median time from first HIVAb positive to first HCV RNA measurement was 9.2 (IQR 4.8-12.9) years, meaning we have evidence to suggest that the increase in HCV RNA continues beyond this 4-year period in the absence of treatment for HIV infection, assuming individuals were infected with HCV before or at the same time they became HIV positive. For IDUs, which make up the majority of the study population, this is a reasonable assumption to make because of the shared transmission routes of HIV and HCV, although it is less likely to be the case for MSM and heterosexuals as sexual transmission of HCV is less efficient than that of HIV [20] . While an increase in HCV RNA of 27.6% per year appears quite striking, we have demonstrated that treatment with cART can stabilize HCV RNA levels in coinfected patients. It is unclear how much influence increasing HCV RNA levels will have on clinician choice when deciding whether to treat for HCV while the association between HCV viral load, disease severity and liver disease remains unclear [16, 21] . More weight will often be given to other factors, such as level of fibrosis, HCV genotype, IL-28B gene variant and a patient's readiness for treatment [1, 22] . However, with recent studies suggesting a link between high HCV viral loads (> 500 000 IU/ml) and progression to chronic kidney disease [23, 24] , increasing HCV RNA could become more clinically important in the future.
HIV viral load when fitted on a log 10 continuous scale was found to have a significant relationship with HCV RNA, which further supports our finding that treatment with cART can help to control HCV RNA. These findings, building on evidence from a similar study [4] , have potential implications for the treatment of persons with HCV/ HIV coinfection. As lower HIV viral loads predict lower HCV RNA, which is known to be one of the most important predictors of HCV treatment outcome [25] , it may be possible to improve the chances of SVR to HCV treatment by controlling HIV viral load and indirectly stabilizing HCV RNA levels in the absence of HCV therapy. However, a short-term transient increase in HCV RNA has been reported in coinfected persons initiating cART [26, 27] , while another study reported that those with low CD4 counts (< 350 cells/mL) at cART initiation experienced a continuous increase in HCV RNA levels for the 48-week duration of the study [28] . Further, a recent study with a long follow-up period found that there was a small increase in HCV RNA 6 months after cART initiation but a significant decrease in HCV RNA at 70 months after cART initiation [29] . Other studies which have examined the course of HCV RNA levels at 3 and 12 months after the initiation of cART have produced conflicting results [26] . Different studies have found increases and decreases in HCV RNA levels at these time-points following cART initiation, although often the changes were not significant and the results were based on a small number of individuals [30] . It is difficult for us to examine the potential nonlinearity of the course of HCV RNA, attributable to cART initiation, at these time points as 74.5% of patients were on cART at baseline, with a median time on cART of 2.7 years (IQR 1.0-5.3 years). Interaction terms allowing the rate of change in HCV RNA to differ at 3 and 12 months after cART initiation were excluded from the model as they were nonsignificant (results not shown), meaning we have no evidence to suggest that the linearity of HCV RNA changes over time was affected by cART initiation.
HCV genotype 1 was a significant predictor of higher HCV RNA levels compared with genotypes 2, 3 and 4. Similarly, some previous studies have shown an association between higher HCV RNA levels and HCV genotype 1 [2, 4] , although this has not been seen in others [16, 21] ; however, these studies have tended to include relatively few individuals, predominantly with HCV genotype 1. Increases in HCV RNA of more than 10% per year (the 90th percentile) were also found to be associated with HCV genotype 1, as was reaching a threshold of 800 000 IU/ml, which has been reported to be a predictor of a poor response to treatment for HCV [12] . These findings highlight HCV genotype 1 as the most difficult for which to control HCV RNA levels. EuroSIDA has previously published a comparison of baseline HCV RNA levels by genotype [19] , but the present study adds important information and considers longitudinal changes in HCV RNA for genotypes 1 to 4 in a relatively large number of individuals.
We found no evidence that HBsAg status influences HCV RNA levels, although baseline HCV RNA levels were lower among HBsAg-positive patients but not significantly so. Many studies have reported that the presence of HBV may favour the clearance of HCV RNA in patients with multiple chronic viral hepatitis infections [19, 31, 32] , including another EuroSIDA study [19] . The fact that HBsAg was not found to be associated with HCV RNA levels in this study could be explained by the low number of HBsAg-positive persons included, 6.2% at baseline, and the length of time since HCV seroconversion. It is possible that, among the previously multiply coinfected individuals, suppression of HCV had already occurred as a result of the presence of HBV and that these individuals were HCV RNA negative when testing began.
We found no evidence to suggest that the rate of change in HCV RNA differed by any factors included in the model other than cART. However, we had limited power to detect these differences in the rate of change because of the relatively low number of HCV RNA measurements per person. Further studies are required to fully understand the rate of change in HCV RNA levels and how it may differ according to genotype or other factors, something that could be revisited in time when more data are collected.
Our study has several limitations; most significantly, there were relatively few individuals in our cohort with multiple HCV RNA measurements. Of the 1541 individuals included in the analysis, 258 had three or more HCV RNA determinations. In a sensitivity analysis including only these individuals, HCV RNA increased by 38.9% per year in patients not on cART and was stable, with an increase of 1.2% per year, among those taking any cART. A further sensitivity analysis including data from individuals with three or more HCV RNA measurements using data collected from sites only, excluding data from stored samples to discount the possible effect of degradation of HCV RNA in stored samples, produced similar results, a 20.7% increase in HCV RNA among those not on cART and a 3.1% decrease among those taking cART, although with reduced statistical significance because of the relatively small number of patients included.
In conclusion, this study demonstrated that, while HCV RNA levels increased during long-term follow-up in coinfected patients not taking cART, among those who had initiated cART HCV RNA levels were stable over time, suggesting that earlier treatment with cART could help to control HCV RNA levels.
